Adhesion and sequestration of P. falciparum-infected erythrocytes (IE) underlie cerebral malaria 1 and maternal malaria 2
Adhesion and sequestration of P. falciparum-infected erythrocytes (IE) underlie cerebral malaria 1 and maternal malaria 2 . Sequestration confers a survival advantage on the parasite: mature stage IE accumulate in post-capillary venules and placental intervillous spaces, where they avoid immunologic surveillance in the spleen, and where low oxygen tension favors the growth of P. falciparum. In vitro studies have demonstrated that IE can bind to several endothelial surface molecules, including thrombospondin (TSP), CD36, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, P-selectin, chondroitin sulfate A (CSA), PECAM-1/CD31, gC1qR/HABP1/p32, endothelial protein C receptor (EPCR), integrin α5β1, and possibly the integrin molecule α V β 3 2-15 . Parasite adhesion to the endothelium is mediated by a family of proteins expressed on the surface of infected erythrocytes (IE) named Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) 16 . An understanding of the binding receptors involved in severe malaria syndromes will guide the development of anti-adhesion therapies and vaccines. Naturally occurring red cell variants, such as hemoglobins C and S, modify PfEMP1 expression as well as parasite adhesion to endothelial cells, suggesting a possible mechanism for their protective effects 17 . Earlier studies that examined the relationship between specific binding interactions and severe malaria have yielded inconsistent results. Studies in Thailand, Kenya and Malawi failed to associate ICAM-1-binding parasites with severe malaria [18] [19] [20] [21] , while studies in Kenya 22 and Tanzania 15 found a significant association. Recent studies have implicated novel receptors, such as endothelial protein C receptor (EPCR) related to severe malaria in Tanzania 15 , and the receptor gC1qR/HABP1/p32 related to seizures in Mozambique 23 . In
Novel adhesion receptors.
To establish the IE binding phenotype, we surveyed 2904 freshly collected clinical parasite isolates. The panel of receptors under study included molecules shown to support parasite adhesion in previous studies, as well as the novel receptors cellular fibronectin, laminin, members of the integrin and junctional adhesion molecule (JAM) families, VE-cadherin, vitronectin and ICAM-2. The selection of candidate novel receptors for the study was based on the following observations: laminin plasma levels are increased during acute malaria infection, suggesting vascular injury that may expose extracellular matrix molecules (ECM) like laminin and possibly other ECM like cellular fibronectin that can then mediate IE adhesion 26, 27 . Further, it has been reported that laboratory parasite line FCR3 binds cellular fibronectin 28 . Other receptors were selected based on their known role in leukocyte adhesion like junctional adhesion molecules (JAM) 29 , ICAM-2, VE cadherin, integrin types β1 and β3 constitutively expressed in vascular endothelium including brain microvessels 30 . Each individual receptor, including all novel receptors selected for study, supported the binding of a subset of clinical samples ( Table 2 ). The largest proportion of clinical isolates adhered to the glycoprotein CD36 (IE count >0, 79.9%; IE count >20, 57.5%), followed by integrin αvβ3 (IE count >0, 54.6%; IE count >20, 29.8%).
IE adhesion to the endothelium is mediated by members of the Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) family. PfEMP1s have been grouped according to upstream sequences and further subgrouped based on domain types and domain combinations called "domain cassettes" 31 . We hypothesized that IE adhesion to different receptors will correlate if the adhesion interactions are mediated by different domains of the same PfEMP1. We therefore examined the correlations between IE binding levels to the various receptors, and found a large cluster of correlated interactions with the receptors integrin α3β1, integrin α5β1, integrin αvβ3, P-selectin, E-selectin and PECAM-1 (Fig. 1) .
Factors influencing parasite adhesion. After establishing the panel of potential binding receptors, we analyzed levels of IE adhesion for their relationships to host risk factors and to disease severity. Because parasite densities vary between assays, a B-spline regression model was applied (Table 3) . This method allows a non-linear relationship to be flexibly modeled. However, the relationships between host factors, disease severity and levels of IE binding to the receptors panel were similar in linear regression models adjusted for parasite density with and without a B-spline.
Hemoglobinopathies. The prevalence of HbAC (including 1 child with HbCC type) was 10.7% and HbAS (including 3 children with HbSS and 2 children with HbSC types) was 7.6%. Sickle cell trait did not significantly reduce IE adhesion to any of the receptors. Hemoglobin AC significantly reduced IE binding to the receptors CD36 and integrin α5β1, and its effect to reduce binding to integrin α3β1 approached significance (Table 3 ).
Blood group. Blood group O has been associated with reduced severe malaria risk in some but not all studies and has been associated with reduced rosetting (binding of uninfected to infected red cells) [32] [33] [34] [35] [36] [37] [38] [39] . Here we examined whether ABO blood group modifies IE adhesion to endothelial receptors, and blood group O was used as a reference group (Table 3) . Blood groups A, AB and B were associated with a significant reduction in IE adhesion to the receptor ICAM-1, while IE binding to other receptors was similar between blood group A, AB, B and O. Age. Age affected the binding patterns to the various receptors in one of 3 ways: binding decreased as children aged; binding increased as children aged; binding was stable across the early years of life. IE binding to the receptor JAM-B significantly decreased with age. Conversely, IE binding to the receptors CD36 and integrin α5β1 significantly increased with age. IE binding to the receptors ICAM-1, ICAM-2 and integrin α3β1 also increased with age, and these relationships approached statistical significance. IE adhesion to the receptors TSP, E-selectin, PECAM-1, VCAM-1, P-selectin, CSA, EPCR, vitronectin, cellular fibronectin, laminin, integrin αvβ3, JAM-A and VE-cadherin did not change with age (Table 3) . Severe malaria. We examined the relationship between WHO-defined severe malaria and IE adhesion to specific endothelial receptors. The analysis included 59 parasite isolates collected from 52 children with severe malaria. The level of binding to all 19 receptors was similar between IE from severe and non-severe malaria cases (Table 3) .
Discussion
The pathological hallmark of P. falciparum parasites is their sequestration in deep vascular beds of various tissues.
In the current study, we examined the effect of host factors that modify the risk of severe malaria on the level of IE binding to a panel of endothelial receptors. Age, hemoglobin AC, and blood group affect levels of IE adhesion to specific receptors. We identified several novel receptors that support parasite adhesion, including laminin, cellular fibronectin, integrin α3β1, VE-cadherin, JAM-A, JAM-B, ICAM-2 and vitronectin, following on from previous studies suggesting that IE adhesion may be supported by a wide array of endothelial receptors 40 . The relative frequency of parasite adhesion to the different receptors varies, with several receptors supporting binding of only a small proportion of the isolates. An earlier study reported that antibodies against integrin α v chain reduced parasite adhesion to human dermal microvascular endothelial cells, suggesting that integrin αvβ3 plays a role in parasite adhesion 12 . Here we directly showed that fresh parasite isolates bind to recombinant integrin αvβ3, and this receptor together with CD36 are the most common endothelial receptors mediating adhesion of fresh isolates (Table 2) . A previous study reported that integrin α5β1 alone did not support IE adhesion to endothelial cells, but α5β1 in complex with CD36 increased IE adhesion to endothelial cells under flow conditions 14 . In the current study, we find that IEs from clinical isolates can directly adhere to integrin α5β1 under static conditions, and the different observations could be explained by different assay conditions. Interestingly, hemoglobin HbAC significantly reduced and age significantly increased IE adhesion to both CD36 and integrin α5β1.
IE adhesion under flow was described as a multistep process that includes tethering and rolling followed by firm adhesion, for example rolling on the receptors P-selectin or ICAM-1 and then firm adhesion to CD36 (reviewed in ref. 41 ). Some of the novel receptors described here might similarly be part of a multi-receptor adhesion process that involves both rolling and firm adhesion types, rather than unrelated adhesion events. Further, IE binding levels to members of the integrin family, PECAM-1, P-selectin and E-selectin correlated, which could be related to the polyclonality of clinical isolates, multi-receptor binding of individual parasites, or both.
We examined hemoglobin variants for their effects on IE adhesion. While hemoglobin AS has been consistently associated with protection from severe malaria, earlier studies have differed as to whether AS also reduces the risk of infection or the density of parasitemia 17 . The protective effect of hemoglobin AC is less clear, with some studies reporting a non-significant effect on severe malaria risk, and two studies reporting a protective effect against severe malaria or cerebral malaria 17, 42, 43 . The protective effect of HbAS and HbAC was proposed to be mediated in part by changes in knob structure and PfEMP1 expression by parasitized HbAS and HbAC erythrocytes resulting in a significant reduction in IE adhesion 44, 45 . Laboratory isolates cultured in HbAS erythrocytes adhere at a lower level to dermal HMVECs (which is mediated by CD36 and ICAM-1), and to purified CD36 and ICAM-1, although in one study adhesion to HUVECs (which is mediated by ICAM-1 alone) was unchanged [45] [46] [47] . In the current study, hemoglobin AC significantly reduced the level of IE binding to endothelial receptors CD36 and integrin α5β1, while sickle cell trait did not significantly reduce the level of IE binding to any of the endothelial receptors. In this cohort of children, parasite densities were significantly lower among children with hemoglobin AS (p < 0.0001). These results suggest that HbAS confers protection from severe malaria and reduces parasite densities by other mechanisms such as enhanced phagocytosis of ring-stage parasites 48 , while HbAC might confer protection from severe malaria by reducing parasite adhesion.
Blood groups A, AB and B were associated with a significant reduction of IE binding to the receptor ICAM-1 compared to blood group O. The protective effect of blood group O on severe malaria has been inconsistent in earlier studies, although recent genome-wide association studies observed that blood group O reduced the risk of severe malaria [32] [33] [34] [35] [36] [37] . We found that IE from children with blood group O bind at significantly higher levels to ICAM-1, an unexpected pattern for a host factor associated with protection from disease. These findings could be explained if the binding interaction involved is unrelated to severe malaria, and/or that the protective effect of blood group O is not mediated by cytoadhesion to endothelial receptors but by other adhesion mechanisms like decreased IE rosetting 38, 39 . A number of receptors have been proposed to mediate severe malaria IE binding 15, 22, 23 , but no consistent pattern has emerged between studies. Severe malaria was related to ICAM-1-binding parasites in some but not other studies 15, [19] [20] [21] [22] , and ICAM-1 polymorphisms did not correlate with severe malaria risk 49 . Clinical isolates from children with severe malaria bind EPCR (and ICAM-1) in Tanzania at higher levels 15 , and in Mozambique a higher proportion of IEs from children presenting with seizures bound to the receptor gC1qR/HABP1/p32 23 . In the current study, severe malaria IE adhered at similar levels to all the receptors.
We propose two explanations for the lack of a clear distinction in binding levels to the different receptors between IEs from children with severe versus non-severe malaria. First, earlier studies demonstrated that IEs from children with severe malaria as well as IEs from young children in general are more commonly recognized by plasma from the community, suggesting that these IEs may surface-display a shared repertoire of PfEMP1 [50] [51] [52] . An overlap in the PfEMP1 repertoire among young children including those with severe malaria could yield similar IE adhesion properties, such as we have observed. Furthermore, age should be assessed for its confounding effects in studies to associate parasite adhesion to malaria severity. Of note, median age did not differ between children with or without severe malaria in the current study, and the rates of severe malaria remained stable post-infancy, such that age should not be a confounding factor in the results reported here.
Second, peripheral blood isolates are likely to be a mixed pool of parasites, which might variably derive from those causing and those not causing a specific disease presentation. For example, in our studies of pregnancy malaria, we showed that placental parasites have a unique binding phenotype and uniformly bind to the receptor CSA. However, peripheral blood parasites from the same women sometimes bind to CD36 as well as CSA, or to CD36 alone, demonstrating that peripheral samples do not always reflect the phenotype of the sequestered parasites causing a specific syndrome. Notably, parasites selected to bind CSA lose the ability to bind CD36, and hence the peripheral blood samples that yield evidence of binding to both CD36 and CSA, are likely to represent mixed pools of parasites, rather than a single pool of parasites that bind multiple receptors.
In summary, the current study has identified several novel receptors for IE adhesion such as JAM-B, cellular fibronectin and laminin, and described distinct binding interactions that are modified by red cell variants, blood group and host age. This large scale study demonstrates the complexity of associating IE binding phenotypes with disease severity. The lack of a significant association between severe malaria and adhesion to any of the receptors suggests that either IE associated with severe malaria do not have a distinct adhesion phenotype compared to IE from young children without severe malaria, or severe malaria IE adhere to a discrete endothelial receptor not included in the panel evaluated in this study.
Methods
Study population and clinical definitions. Children participating in this study were enrolled between August 2010 and December 2014 into two longitudinal cohorts conducted as part of the Immuno-Epidemiology (IMEP) project in Ouelessebougou, Mali: 1. A birth cohort of pregnant women and their children; 2. Children aged 0-3 years. A parent or guardian gave informed consent for their child's participation in the study, after receiving a study explanation form and an oral explanation from the study clinicians in their native language. The protocol and study procedures were approved by the institutional review board of the National Institute of Allergy and Infectious Diseases at the National Institutes of Health (ClinicalTrials.gov ID NCT01168271), and the Ethics Committee of the Faculty of Medicine, Pharmacy and Dentistry at the University of Bamako, Mali. All study methods were performed in accordance with the relevant guidelines and regulations of the institutional review boards.
Active follow-up included clinical examination and blood smear microscopy for detecting malaria parasites, monthly during the rainy season (July-December), every two months during the dry season (January-June), and at any time the child was sick, up to the age of 5 years.
Severe malaria was defined as parasitemia together with at least one of the following WHO criteria for severe malaria: >2 convulsions in the past 24 hr; prostration (inability to sit unaided or in younger infants inability to move/feed); hemoglobin <5 g/dl; respiratory distress (hyperventilation with deep breathing, intercostal recessions and/or irregular breathing); coma (Blantyre score <=2).
Adhesion assays. Blood samples were collected every 3 months during the first 2 years of life, every 6 months thereafter, and during every symptomatic malaria infection diagnosed at an unscheduled visit. Samples from malaria-infected children (defined by blood smear microscopy) were used in adhesion assays. Ring stage parasites in blood samples collected from children were allowed to mature to the trophozoite/schizont stages in in vitro culture for 16-20 hr. IE were enriched using the gelatin flotation method and adjusted to 0.2-20% parasitemia before binding assay. IE binding to specific receptors immobilized on Petri dishes was determined in a static binding assay. The panel of purified receptors included the following human endothelial molecules: CD36, ICAM-1, VCAM, PECAM-1, E-selectin, P-selectin, integrin α3β1, integrin α5β1, integrin αvβ3, JAM-A, JAM-B, VE-cadherin, vitronectin, ICAM-2 (R&D); TSP, CSA, cellular fibronectin, and laminin from placenta (Sigma, St. Louis, MO); EPCR (My BioSource); EPCR produced in eukaryotic cells 53 that was provided by Dr. Benoît Gamain. Bovine serum albumin (BSA) (Sigma, St. Louis, MO) was used as a negative control. 20 μl of recombinant proteins (10 μg/ml) were applied to a petri dish (Falcon 351029), and incubated overnight at 4 °C in a humid chamber. Prior to the adhesion assay, receptor solutions were removed and 20 μl of blocking solution (3% BSA in PBS) added and incubated for 30-60 minutes at room temperature. 20 μl of parasite suspension were applied, and after 30 minutes at room temperature, unbound IE and erythrocytes were removed by 3 washes with PBS. Bound IE were fixed with 0.5% glutaradehyde in PBS for 10 minutes and stained with 1% Giemsa for 2 minutes. Bound erythrocytes and IE were counted under 1000x magnification, and 20 fields with the highest IE counts were recorded. Raw binding data is included in Supplementary Statistical analyses. Data were collected in standardized forms, entered and verified using DataFax (version 4.2, Clinical DataFax Systems, Inc., Hamilton, Ontario, Canada).
The level of IE binding was adjusted for the background by subtracting RBC (E) count for the specific receptor and IE count for BSA (adjusted IE binding = (IE specific receptor − E specific receptor − IE BSA ), and negative values were converted to 0. The relationships between adhesion to endothelial receptors and severe malaria, age, hemoglobin type, and blood group, were assessed using multivariate linear regression models adjusted for parasite density in the assay. P values of 0.0026 were considered significant to account for the comparison of 19 receptors. The analyses were carried out in R (version 3.3.2).
Incidence rates of severe malaria by age category were compared by Poisson regression model via GEE to account for correlation due to repeated measures for each child. At the individual level, number of severe malaria events were regressed on indicator variables of the age strata along with a log-offset of time at risk in that strata.
The analyses included binding data from freshly collected parasites to relate to WHO defined severe malaria, hemoglobin type, blood group and age for study participants. All data analyzed during this study are included in the article (Supplementary Table 1 ).
